The objective of this study was to evaluate the effect of xylanase supplementation on performance, footpad score (FPS), nutrient digestibility, and intestinal morphometry in broiler chickens. Two-hundred-eighty-eight Ross 308 broiler chicks (one d old) were placed in one of 3 experimental treatments: positive control (PC), negative control (NC) (−150 kcal/kg), and XYL (NC supplemented with xylanase). Each treatment had 8 replicates with 12 animals each. Starter (zero to 21 d) and grower (21 to 42 d) diets, based on wheat and soy-bean meal, were available ad libitum. Body weight gain (BWG) and feed intake were measured, and mortality corrected feed conversion ratio (FCR) was calculated. The relative weights of the empty gastrointestinal tract compartments and FPS were recorded on d 21 and d 42. On d 42, ileal contents were collected for nutrient digestibility determination. Statistical comparisons were performed using one-way ANOVA (JMP Pro 12). The reduction of energy resulted in lighter birds at the end of the study (PC: 2,710 vs. NC: 2,546 g; P = 0.030) whereas xylanase supplementation numerically increased BWG by 84 g (P = 0.229) and improved FCR by 12 points (P = 0.145) compared with the NC. Significant differences in FPS were observed on d 21. Score 0 (no lessions) was predominant in PC and XYL treatments, while score 1 (mild lesions) had a higher frequency in NC birds. Xylanase supplementation numerically increased organic matter (5.9%) and energy (4.7%) utilization with values above those observed with the NC. No treatment effects were observed in any of the morphometric measurements, with the exception of the gizzard (P = 0.036) and the ileum (P = 0.088) on d 42. Xylanase resulted in higher relative gizzard weights compared to NC (P = 0.102). Supplementation of broiler diets with xylanase tended to influence performance, which may be due to a better utilization of nutrients. The increase in gizzard and ileum weights in birds 42 d but not 21 d of age suggests an adaptive response that takes time to develop.
INTRODUCTION
Cereals such as wheat, barley, and rye are good sources of energy (Amerah, 2015; Ravn et al., 2016) ; however the utilization of nutrients and energy can be impaired by the presence of soluble non-starch polysaccharides (NSP), which lead to high viscosity digesta and poor litter quality (Choct et al., 1999) . Arabinoxylans and β-glucans are the most important anti-nutritive NSP in cereals, arabinoxylans being most relevant in wheat and rye, while β-glucans are of more concern in barley. It is known that β-glucans are more susceptible to bacterial degradation through the intesti-nal tract than arabinoxylans (Bach Knudsen, 2014) . For that reason, xylanase supplementation in poultry diets formulated with these cereals has become indispensable to maximize nutrient uptake and reduce litter problems. Even though birds are able to compensate for low energy diets through increased consumption (Leeson and Summers, 2005) , xylanase supplementation enables similar growth rates with no losses in feed efficiency . It is suggested that xylanases work in the bird through several mechanisms: first, in the breakdown of the soluble arabinoxylans to reduce digesta viscosity (Bedford, 2000) ; second, the cell walls of the feedstuffs that remain intact are perforated by the direct action of the xylanase and increased activity of endogenous enzymes (Zou et al., 2013) ; and, finally, the release of oligosaccharides as a result of xylan degradation in the distal sections of the gastrointestinal tract (GIT), which act as a prebiotic (Bedford and Cowieson, 2012) . One area of interest with regard to the positive effects of xylanase supplementation is the role of the development of the GIT. Many factors affect the size of the GIT, such as genetics, feed particle size, and the nature of the cereal grain, but a heavier GIT may imply greater energy expenditure, thus reducing performance efficiency. This work was undertaken to determine if supplementation with xylanase in a low apparent metabolisable energy (AME) diet may compensate for the loss in broiler performance compared to a high AME diet. Animal performance, footpad score (FPS), nutrient utilization, microscopic analysis of digesta, relative organ weights, and intestinal morphometrics were measured to evaluate the effects of the xylanase.
MATERIALS AND METHODS

Birds and Housing
All the experimental procedures received prior approval from the Animal Experiment Committee of the Universitat Autònoma de Barcelona and were in compliance with the European Union guidelines for the care and use of animals in research (European Parliament, 2010) . A total of 288 Ross 308 day-old male broilers was purchased from a local hatchery (Pondex Sau, Lleida, Spain). Upon arrival, birds were placed immediately in 24 wire floored battery pens in an environmentally controlled room, with 12 birds per pen. Each pen was 2 square meters in size and was equipped with a pan feeder and a bell waterer, and sawdust and wood shavings were used as litter. Test diets and water were provided ad libitum throughout the trial. The room was preheated to 34
• C 2 d prior to the commencement of the study and kept at 32
• C for the first 2 days. Then room temperature was gradually reduced to 20
• C on d 28 and was kept at 20
• C until the end of the trial. For the first 10 d, 23 h of light were provided, and this was reduced to 18 h from d 11 onwards.
Experimental Diets
Wheat, soybean meal, and soy oil were used as the primary ingredients to formulate the experimental diets that met or exceeded nutrient recommendations for broilers fed in 2 phases: starter, from zero to 21 d of age, and grower, from 22 to 42 d of age (FEDNA, 2008) . The compositions of the experimental diets are shown in Table 1 . Two basal diets were made: a positive control (PC) diet and a negative control (NC) diet, which was reduced in AME content by 150 kcal/kg. Once the basal diets were analyzed for proximate analysis (Table 1) , part of the NC was supplemented with 100 g/ton of xylanase (Econase XT, AB Vista, Marlborough, UK; 160,000 BXU/g) (XYL), resulting in 3 experimental treatments. Each diet was fed in mash form, and grower diets contained 0.3% titanium dioxide as an indigestible marker.
Experimental Procedures
Birds were weighed on a pen basis on d zero, 21, and 42. Feed consumption was determined by pen, mortality was checked twice daily, and the weights of dead birds were used to adjust the feed conversion ratio (FCR). On d 21 and 42, FPS were recorded for all birds following the 3-score Swedish system (Berg, 1998) , where 0 indicates no lesions, 1 indicates mild lesions, and 2 shows severe lesions with epidermis affected, presence of ulcers or scabs, and signs of hemorrhages or swollen footpads. On d 21 and 42, 2 birds from each of the 24 floor pens were randomly selected and euthanized by cervical dislocation. The total GIT was removed immediately from the abdominal cavity and dissected to measure the length of the whole GIT and each of the intestinal sections. The empty weights of the GIT, and each of its sections, and the heart and liver were recorded. On d 42, the digesta content from the gizzard and ileum were collected on a cage basis by gently squeezing each section. All digesta samples were subjected to microscopy analysis and the ileal digesta were analyzed for nutrient utilization measurements.
Sample Analyses
The contents of dry matter (DM), ash, crude protein, and energy were analyzed in feed and ileal content. Additionally, crude fat and crude fiber also were analyzed in feed. Diet proximate analyses were performed according to AOAC (2005) (ash) , and gross energy was determined by using an isoperibolic calorimeter (Parr, Parr Instrument Company, Moline, Illinois). Activity of xylanase was determined using the method of analysis recommended by the supplier. Xylanase activity was determined at pH 5.3 and 50
• C, using birchwood xylan as a substrate.
The microscopic analysis was carried out at VTT Technical Research Center of Finland Ltd, following the method of Rosa et al. (2013) . Briefly, all the samples were first embedded in 2% (w/v) agar. Then, samples were fixed in 1% (v/v) glutaraldehyde in 0.1 M Na-K phosphate buffer (pH 7.0), dehydrated in a graded ethanol series, and embedded in hydroxyethyl methylacrylate resin (Leica Historesin embedding kit, Leica Microsystems, Heidelberg, Germany). Polymerized sample blocks were sectioned (2 μm sections) in a rotary microtome HM 355S (Microm Laborgeräte GmbH, Walldorf, Germany) using a tungsten carbide knife. The sections were transferred and attached onto glass slides. For light microscopy, protein was stained with aqueous 0.1% (w/v) acid fuchsin (BDH Chemicals Ltd., Poole, Dorset UK) in 1.0% acetic acid for one min (Fulcher and Wong, 1980) , and β-glucan was stained with aqueous 0.01% (w/v) calcofluor white (Fluorescent brightener 28, Aldrich, Germany) for one min (Wood et al., 1983; Parkkonen et al., 1994) . In exciting light (λ ex 390 to 420 nm; λ em > 450 nm), intact cell walls stained with calcofluor appear blue, and proteins stained with acid fuchsin appear red. Starch is unstained and appears black. In addition, auto-fluorescence was detected by imaging the sections without staining using the same epifluorescence and emission wavelengths as mentioned above. The samples were examined with a Zeiss AxioImager M.2 microscope (Carl Zeiss GmbH, Göttingen, Germany). Micrographs were obtained using a Zeiss Axiocam 506 CCD color camera (Zeiss) and Zen imaging software (Zeiss). At least 10 images were taken from each sample, and the most representative were analyzed visually to evaluate the structure of cereal cell walls.
Calculations and Statistical Analysis
Apparent ileal digestibility of energy, DM, organic matter (OM), and protein were calculated by the index method using the following equation: Data were subjected to one-way analysis of variance using JMP Pro 12 (SAS). Pen was the experimental 1 Diets consisted of a positive control (PC), a negative control (NC) with 150 kcal/kg reduced, and the NC supplemented with xylanase (XYL).
2 One FTU is defined as the amount of enzyme required to release one μmol of inorganic P per min from sodium phytate at 37
• C and pH 5.5.
3 One BXU is defined as the amount of enzyme that produces one nmol reducing sugars from birchwood xylan in one s at 50
• C and pH 5.3.
unit for all measurements. Means were separated only when the treatment P-value was significant and then by using a protected least significant difference (LSD) test. Statements of significance were based on P-value of equal to or less than 0.05, and a P-value between 0.05 and 0.10 was considered as a trend. Chisquare comparisons were used to evaluate the effect of treatment of FPS. Additionally, comparisons among treatment means were made using orthogonal contrasts.
RESULTS
Feed Analyses and Growth Performance
In general, the analyzed composition of all diets revealed lower protein content compared with those calculated (Table 1 ). In addition, the gross energy in the NC grower diet was greater than expected, and as a result it was only 76 kcal lower than that of the PC grower diet. Analyzed enzyme activities in feed samples were all close to expected ( Table 2) .
Effects of experimental treatments on growth performance on d zero to 21, d 21 to 42, and d zero to 42 are shown in Table 3 . A statistical trend was observed on the overall BWG comparing the 3 experimental diets (P = 0.088). Higher BWG was observed for broilers fed the PC diet than those fed the NC, with xylanase supplemented birds being intermediate. Gain was greatest with the PC during the first 21 d, with the xylanase achieving non-significant (NS) increments in gain at 21 and 42 d of age compared with the NC. Although no significant differences were observed in FCR among treatments, xylanase supplementation numerically improved FCR by 12 points compared with the NC.
Footpad Score
On d 21, significant differences in the incidence of FPS 0 and 1 were found between the experimental diets (P = 0.024 and P = 0.024, respectively) Table 4 . Score 0 was predominant in all treatments; however, feeding the NC diet resulted in fewer animals with score 0 and more with score 1 compared to PC and XYL (68 vs. 91% vs. 78%, respectively). On d 42, no differences in the incidence of FPS were found between experimental diets.
Nutrient Utilization
Results of nutrient utilization on d 42 are presented in Table 5 . None of the experimental diets evaluated significantly influenced DM, OM, energy, or protein utilization (P > 0.05). However, xylanase supplementation numerically increased DM, OM, and energy utilization with values above those observed with the NC diet.
Microscopy Analysis of Digesta
Cell wall beta-glucan stained with calcoflour visualizes beta-glucan in the digesta samples (Image 1, A-D). Protein was stained with Spp acid fucsin in these samples. No intact starchy endosperm cell walls were visible in gizzard digesta samples from the NC and XYL treatments, indicating that in both treatments the cell walls were degraded, regardless of enzyme supplementation. However, the thick cell walls of the aleurone layer were intact and cell cavities remained filled with protein in both treatments, indicating that in the gizzard the xylanase had not started cell wall breakdown. The comparison of the ileal digesta samples between the NC and XYL treatments shows a marginal degradation of aleurone cell walls exerted by the xylanase. However, the apparent lower protein content in the XYL treatment may indicate some effect of the enzyme on the encapsulated nutrients. The auto-fluorescence was observed in all parts of the aleurone cell walls (Image 1, E-H) and in general, the gizzard digesta appeared brighter in XYL compared to the NC treatment, and similar findings were observed in the ileal digesta.
Relative Organ Weights and GIT Length
The relative weights of heart, liver, and total GIT were not influenced by dietary treatments on either of the measured d (Table 6) . Similarly, the relative length of the total GIT was not influenced by dietary treatments. No significant effects were observed in the relative weight of the intestinal sections weight (Table 7) or relative lengths (Table 8 ) on d 21. On d 42, the relative weights of the gizzard and ileum were influenced by dietary treatments (P = 0.036 and P = 0.088, respectively). Xylanase increased relative gizzard weight compared to NC (P = 0.102). The relative length of the gizzard also was influenced by dietary treatments (P = 0.001) and the duodenum (P = 0.062). Xylanase supplementation led to greater lengths of these sections compared with the PC diets (P < 0.05).
The correlation coefficients between FCR and the relative GIT weights are presented in Table 9 . A negative and significant correlation between FCR and the development of the GIT was observed (r = −0.519; P < 0.001). Looking at the implication of each one of the GIT sections, this effect can be explained mostly by the development of the proventriculus (r = −0.387; P = 0.01), gizzard (r = −0.489; P = 0.001), and duodenum (r = −0.492; P = 0.001).
DISCUSSION
Due to price fluctuations in feed raw materials for livestock, there is great pressure to find suitable strategies to reduce feed costs. NSP degrading enzymes are one of the most extensively used feed additives that allow dietary AME to be reduced while maintaining animal performance (Hew et al., 1998; Francesch et al., 2012 ). In the current study, supplementation with a commercial xylanase product reduced the negative effects of feeding a low metabolizable energy wheat-based diet to broiler chickens, partly improving animal performance and feed efficiency, although the observed differences were only numerical. It should be noted that the performance of the birds in the current study was below that of breed standards. The lower than expected protein content of all diets may have restrained overall animal performance and limited the potential for a response to the xylanase. Responses to xylanases vary depending on the characteristics of the cereal used, and this could explain the results obtained in the current study. A reduction of 150 kcal/kg is often recommended by feed enzyme suppliers when high viscosity diets are used, and given the excellent performance of the PC, it is likely the diets in this trial were not particularly viscous. A more conservative energy reduction of 100 kcal/kg, as typically recommended with low viscous diets, probably would have allowed complete restoration of performance with the XYL diet to that of the PC. Xylanase supplementation is believed to improve animal performance by reducing digesta viscosity and improving nutrient and energy utilization (Choct et al. 2004; Choct, 2006; Francesch et al., 2012; González-Ortiz et al., 2016a) . The numerically beneficial effects of xylanase on the utilization of dietary DM, OM, and energy suggest an improvement in digestive efficacy. This effect might be related, as previously suggested, to the reduced viscosity of digesta, as well as to the disruption of the cell wall matrix facilitating the release of encapsulated nutrients and digestive enzymes access (Bedford, 1996) . The marginal reduction observed in cell wall integrity in the microscopy analysis of digesta suggests this mechanism may have played some minor part in the results obtained. Although beta-glucan is not the major component present in wheat cell walls, calcoflour staining gives a good indication of the structural changes detectable in wheat cell walls due to the action of enzymes (Arte et al., 2016) . The subjective nature of the microscopic technique employed should be taken into account for the interpretation of results. A difference in the presence of protein (stained in red) between the control and xylanase treatments at the ileal level can be visualized, despite the fact that no differences were detected in the utilization of protein between both treatments. This result is in contrast to that of Ravn et al. (2016) , who performed their work in vitro, questioning the relevance of in vitro work as a model for in vivo. The interpretation of these subjective measurements to understand the digestive processes is questionable in complex matrices like the intestinal digesta. Digesta flow is dynamic; there is movement and mixing of feed with the contents present in the GIT, and changes in pH and digestive enzyme concentrations influence both the physical and chemical characteristics of the feed (Chiang et al., 2008) . Even though the microscopic analysis is more consistent in its findings in in vitro work, where the surrounding materials usually do not interfere with the outcomes (Rosa et al., 2013) , the biological relevance of such data is questioned by the present results.
The most interesting finding comes from the possible activity of xylanase in the upper GIT as revealed by the auto-fluorescent images. The blue auto-fluorescence emission from the cereal aleurone at UV excitation originates mainly from ferulic acid, and as such this is used as an indirect measure of arabinoxylan presence (Jääskeläinen et al., 2013) . Even though the structural integrity of the cell walls was not evidently degraded on use of the xylanase by standard microscopy, the auto-fluorescent method clearly shows some changes, as mentioned above, likely related to limited hydrolysis of some of the xylan, which is layered over the principal ferulic acid components of the cell wall. Thus, some degree of cell wall depolymerization to oligomers is likely taking place even at the low pH of the gizzard (unless it has taken place in the crop). This valuable information agrees with a recent study where it was found that, although the greatest activity of this same xylanase as measured by standard assay methods occurs at pH 5.3, the ability to produce arabinoxylooligosaccharides (AXOS) was maximized at pH 2.5 (Morgan et al., 2017) . If some enzyme activity on xylan starts in the upper GIT, there is a need to understand the contribution of the in situ production of AXOS in the first sections of the GIT and how they are metabolized by the intestinal microbiota. The fact that exogenous enzymes do not only influence the availability of nutrients for the host, but also their partitioning with the intestinal bacteria, means that they can be multifactorial in their effect (Bedford and Cowieson, 2012) . One of the suggested mechanisms proposed for xylanase is based on the study of De Maesschalck et al. (2015) , who demonstrated that the direct supplementation of xylo-oligosaccharides resulted in an increased abundance of butyrate-producing bacteria and lactobacilli in the ceca of broiler chickens. Higher butyrate concentrations were observed in both the ileal and cecal digesta of broilers chickens on d 21 and d 42 when wheat based diets were supplemented with xylanase (González-Ortiz et al., 2016b) . Lactic acid produced by lactobacilli in response to xylanase addition can be consumed by butyrate-producing bacteria in the distal sections of the GIT, which stimulates gut health and consequently performance (De Maesschalck et al., 2015) .
One influential factor with the incidence of footpad dermatitis (FPD) is the physicochemical properties of NSP due to their ability to increase excreta viscosity and adherence, particularly if birds are grown at higher stocking densities (Shepherd and Fairchild, 2010) . Several studies have demonstrated reduced viscosity of the digesta and severity of pododermatitis in birds with enzyme supplementation (Nagaraj et al., 2007; Peric et al., 2014) . In the present study, stocking density was not an issue, being on average a maximum of 6 kg/m 2 on d 21 and 14 kg/m 2 on d 42, approximately half that often encountered in commercial practice. Given the birds were at such low stocking density and reared on a layer of sawdust and shavings, it is not surprising that FPD and litter quality were good.
The relative weights of heart, liver, and empty GIT and the length of the GIT were measured to evaluate the influence of energy reduction and xylanase supplementation on organ development. Available data on the development of GIT and other organs with xylanase supplementations are contradictory (Brenes et al., 1993; Taylor and Jones, 2001; . In the present study, no treatment effect were observed on any of the organs measured, as found by . However, it is noteworthy that although the relative weight of the organs did not change, the gizzard and ileum increased in weight and the gizzard and duodenum in length relative to that of the whole intestinal tract at 42 days. A relative increase in gizzard size suggests an increased ability to grind and digest the feed in this section and also discourage microbial proliferation, which may cause disease or compete for nutrients (Gabriel et al., 2003) . A relationship between gizzard size and an increase in the villus length, crypt depth, and villus to crypt ratio of different sections of the intestinal tract with that of FCR was noted by different authors Zou et al., 2013; Zhu et al., 2014) . This work shows similar correlations between relative gizzard and ileal size with FCR, which suggest a potential mechanism for the improvement in nutrient utilization and subsequently FCR. Such effects in intestinal histomorphology could be explained by the greater availability of fermentable substrates in the small intestine. AXOS or other oligosaccharides are metabolized by certain microbial groups, promoting higher butyrate concentrations in the intestinal lumen (De Maesschalck et al., 2015) . As a consequence, villus height may increase due to the extra energy source for the enterocytes (Hu and Guo, 2007) . The effect of the enzyme on the relative size of the gizzard has been hypothesized previously as relating to the release of the peptide YY (PYY). PYY is an intestinal hormone released by the endocrine cells of the ileum and hindgut after a normal meal, regulating gastric emptying (Adrian et al., 1985) . Release of PYY in response to xylanase has been shown in broilers (Singh et al., 2012) and to AXOS in mice (Neyrinck et al., 2012) , suggesting that the products of NSP hydrolysis can affect gastrointestinal hormone secretion. The increased fermentation in the hindgut of rats has been demonstrated to induce the release of PYY, leading to increased gastric retention time (Goodlad et al., 1987) , but also the grinding action of the gizzard in poultry (Masey O'Neill et al., 2014) . As such, some of the microscopic effects noted in this study may relate to the development of the gizzard rather than direct action of the xylanase per se.
Supplementation of broiler diets with xylanase tended to influence performance, which may be due to a reduction in digesta viscosity and better utilization of nutrients. Improved development of the gizzard and ileum as a result of feeding xylanase may be a result of an adaptive response of birds due to the provision of fermentable prebiotic compounds. This benefit may take time to develop as the functionality of the fermentative capacity is limited in young birds and thus the ability to utilize such prebiotics may be more evident in older birds.
